We have optimized the deposition conditions of amorphous silicon-germanium films with embedded nanocrystals in a plasma enhanced chemical vapor deposition (PECVD) reactor, working at a standard frequency of 13.56 MHz. The objective was to produce films with very large Temperature Coefficient of Resistance (TCR), which is a signature of the sensitivity in thermal detectors (microbolometers). Morphological, electrical, and optical characterization were performed in the films, and we found optimal conditions for obtaining films with very high values of thermal coefficient of resistance (TCR = 7.9% K −1 ). Our results show that amorphous silicon-germanium films with embedded nanocrystals can be used as thermosensitive films in high performance infrared focal plane arrays (IRFPAs) used in commercial thermal cameras.
Introduction
Detectors and infrared focal plane arrays (IRFPAs), also known as thermal detectors (or thermal FPAs), are used in a wide variety of applications as industrial, medical, security, surveillance, and military [1] [2] [3] [4] . In a thermal detector, the incident infrared (IR) radiation is absorbed by a thermosensitive material, resulting in a change of one of its physical properties, which is used to get an electrical signal output. In thermal detectors, the thermosensing material must have a high sensitivity to temperature and must be compatible with the standard silicon (Si) CMOS fabrication process, for low cost manufacture and integration with a Si CMOS readout integrated circuit (ROIC).
The temperature sensitivity of a material is given by its Temperature Coefficient of Resistance (TCR), which is related to the activation energy ( ) of the material by (1) , where is the Boltzmann constant and is the temperature:
Up to now, amorphous semiconductors have been widely used as thermosensitive materials in commercial microbolometers arrays (IRFPAs). These materials have advantages over other thermosensitive materials, since they are compatible with standard Si CMOS technology and have high and high TCR values.
In this aspect, a-Si:H has a direct band gap (1.6-1.8 eV), high activation energy ( = 0.8 eV), and very high thermal coefficient of resistance (TCR = −10% K −1 ) and also has a very high room temperature resistivity (∼10 9 Ω cm), which is noncompatible with the Si CMOS ROIC input impedance.
In order to reduce the high resistance of a-Si:H, boron doping has been used. The boron doped a-Si:H films have an improved room temperature conductivity ( RT ) in several orders of magnitude and also showed a high reduction in (0.22 eV) and TCR (−2.8% K −1 ) [5, 6] . Despite the above, a-Si:H,B has been adopted as IR sensing film for microbolometers contained in very large IRFPAs (1024 × 768) [4, 6, 7] . Recently, the control of the BCl 3 /SiH 4 gas flow rate during the a-Si:H,B films deposition by PECVD has been demonstrated, in order to improve the TCR to values as large as −3.9% K −1 [7] . P11  500  Series #1  P12  1000  50  50  110  P13  200  ∘ C  1200  P21  500  Series #2  P22  1000  90  10  110  P23 1200
Among the other materials that have been used in thermal detectors is Vanadium Oxide (VO ) which was the first material used in high performance microbolometers, due to its relatively high TCR of −2% K −1 [8] ; however, this material is not compatible with the Si CMOS technology.
Amorphous germanium silicon oxide (a-Ge Si 1− O ) deposited by RF sputtering also has been reported with large TCR values of −4.8% K −1 [9] and semiconducting yttrium barium copper oxide (YBCO) has been studied as IR sensing film, with large TCR values of −3.4% K −1 [10] . Recently, nanostructured VO films have been reported in microbolometers with very large TCR values of −5.6% K −1 [11] . However, this material is also incompatible with the Si CMOS process, which restricts its incorporation in very large IRFPAs based on the Si CMOS technology.
On the other hand, even though amorphous semiconductors as a-Si:H,B are the IR sensing materials of choice in the most developed IRFPAs, they have some drawbacks due to their inherent high density of states in band gap, high density of defects, poor transport properties, and poor stability against radiation [12] .
Recently, the production of amorphous semiconductors with embedded nanocrystals has been demonstrated; those materials are referenced as polymorphous semiconductors, as polymorphous silicon (pm-Si:H) [12] [13] [14] [15] , which are mainly investigated for applications in thin film solar cells. The presence of the embedded nanocrystals in the amorphous matrix impacts on the material properties, reducing the density of states and defects and also improving the transport properties and stability against radiation. Moreover, polymorphous semiconductors preserve the characteristic of amorphous semiconductors as direct band gap, high , and high TCR [12, 13] .
Polymorphous semiconductors practically have not been used for thermal detection applications; however, they are excellent candidates to be used as thermosensing materials in high performance microbolometers in commercial IRFPAs. In our previous work, we have shown that it is possible to produce pm-Si Ge :H thin films in a Low Frequency Plasma Enhanced Chemical Vapor Deposition (LF-PECVD) reactor working at 110 KHz, using SiH 4 and GeH 4 as precursor gases [16] . However, an LF-PECVD technique is not standard in the microelectronics industry, and moreover in this technique, due to its low frequency, the ions have a contribution in the plasma and the properties of the deposited films can be affected. The ions in the plasma can help to dissociate more effectively the reactive species and also can produce damage in the film, due to ion bombardment. Therefore, the results obtained by LF-PECVD could not be reproducible in a standard PECVD reactor working a radio frequency (RF) of 13.56 MHz, which is used in the microelectronics industry.
In the present work, we studied the deposition of pm-Si Ge :H thin films in a RF-PECVD reactor working at a frequency of 13.56 MHz. Moreover, we studied the effect of the most important deposition parameters (deposition pressure and SiH 4 /GeH 4 flow rate ratio) on the electrical, morphological, and optical characteristics of the films, with the objective to produce films with very large and TCR, maintaining a moderated resistivity.
Experimental
We studied the effect of the chamber pressure and the SiH 4 /GeH 4 flow ratio on the thermal sensitivity (TCR) and RT of the resulting films. Two series of silicon-(Si-) germanium (Ge) films were deposited in an industrially compatible capacitively coupled PECVD reactor (from MVSystem Inc.) working at standard radio frequency of 13.56 MHz, with a RF power density of 86 mW/cm 2 , substrate temperature ( ) of 200 ∘ C, and three different chamber pressure values (500 mTorr, 1000 mTorr, and 1200 mTorr).
The films of Series #1 were deposited with the flow rates of the precursors gases H 2 = 110 sccm, SiH 4 = 50 sccm, and GeH 4 = 50 sccm (resulting in SiH 4 /GeH 4 = 1), while the films of Series #2 were deposited with the flow rates of the precursors gases H 2 = 110 sccm, SiH 4 = 90 sccm, and GeH 4 = 10 sccm (resulting in SiH 4 /GeH 4 = 9). Notice that SiH 4 and GeH 4 used are diluted at 10% in H 2 , and therefore the H 2 dilution is high (H 2 /(SiH 4 + GeH 4 ) = 20).
The conditions used for the deposition of both series are summarized in Table 1 . Both film series were deposited in various types of substrates for electrical, structural, and compositional characterization. The films depositions were performed simultaneously on corning glass 2974, corning glass 1737, corning glass 2974 with titanium metal contacts, and high resistivity silicon substrates.
Atomic force microscopy (AFM Nanosurf Easy Scan 2.
3) was used to analyze the surface roughness of the films and thereby determine the possible presence of nanoclusters presented in the surface of the film. A large surface roughness is an indication of the presence of nanocrystals and even microcrystals in the bulk of the film [17] .
Besides AFM characterization, Ultra High Resolution Field Emission Scanning Electron Microscopy (FE-SEM) Ultraviolet-Visible (UV-Vis) transmittance measurements were performed in a Perkin-Elmer Lambda 3B spectrometer, in the range of 200-900 nm. Those measurements were performed in order to determine optical parameters of the deposited films, as the extinction coefficient ( ) and the optical band gap ( ).
The films also were analyzed on a Fourier Transform Infrared (FTIR) spectrophotometer (Bruker, Vector 22); the FTIR measurements were performed to analyze the molecular composition of the deposited films. For measurements of temperature dependence of the conductivity, the samples were placed in a thermostat with a pressure of 30 mTorr. A temperature controller (331 Temperature Controller, Lakeshore) was used to adjust the sample temperature. The temperature was varied from 300 K to 400 K, with steps of 10 K. At each temperature step, measurements were made to obtain the current-voltage characteristics ( ( )) of the films. With this characterization we obtained the values of , TCR, and the electrical conductivity at room temperature ( RT ).
Results and Discussion
Atomic Force Microscopy (AFM) measurements were performed in order to characterize the surface roughness (⟨ ⟩) of the two film series. Figure 1 shows the dependence of ⟨ ⟩ with the deposition pressure in both films series and we can see that ⟨ ⟩ is larger in the films deposited at pressures in the range of 1000 mTorr-1200 mTorr. The average surface roughness ⟨ ⟩ was obtained from a statistical analysis by scanning an area of 4 m × 4 m on the surface of the films. Figure 2 shows AFM 3D images of film surfaces corresponding to deposition pressures of 500 mTorr, 1000 mTorr, and 1200 mTorr, for both series. In the figure it is observed that the films deposited at pressure of 500 mTorr have a flatter surface (and lower roughness) than those films deposited at 1000 mTorr and 1200 mTorr. In this aspect, it is important to stress that the AFM technique is used for correlating the surface roughness to the presence of nanocrystals in the bulk. Large ⟨ ⟩ is related to the presence of micro/nanocrystals embedded in the amorphous network. ⟨ ⟩ of about 4 nm (and higher) is an indication of the presence of nanocrystals in the amorphous matrix [17] ; however, this technique by itself is not enough for completely determining the structural composition of the bulk material. Figure 3 shows an ultrahigh resolution FE-SEM image of the surface of a film (with ⟨ ⟩ of about 5 nm); in the figure the presence of Si-Ge nanoclusters of sizes of about 50 nm is observed. In Figure 4 , a HRTEM cross section view of the same film is shown, which was deposited on corning glass (a line was drawn for separating the film from the substrate). Several nanocrystals of size of about 2 nm-3 nm are marked and also an inset of the amplified image of 2 nanocrystals is included. The above analysis is in agreement with the AFM results and indicates the polymorphous nature of the film. Figure 5 shows the deposition rate ( ) as a function of the deposition pressure in both pm-Si Ge :H film series. For Series #1, was in the range 0.79Å/s-2.72Å/s, while, for Series #2, was in the range 1Å/s-1.5Å/s. For Series #1, the largest was obtained in the film deposited at chamber pressure of 1200 mTorr, while, for Series #2, the largest was obtained in the film deposited at chamber pressure of 1000 mTorr. It has been observed that high deposition rates are associated with large crystalline fractions in microcrystalline films [18] . This is related to the fact that, at large , the oxygen incorporation in the film is reduced, and the formation of nanocrystals in the plasma is promoted.
Ultraviolet-Visible (UV-Vis) transmittance measurements were performed for determining the band gap ( ) of the pm-Si Ge :H films. From the transmittance measurements, we obtained a data file that was processed using PUMA (Pointwise Unconstrained Minimization Approach). The software provides information of the characteristics of the films related to transmittance data measurements [19] . The important data obtained from PUMA is the extinction coefficient ( ), which is converted to absorption coefficient ( ) by Figure 6 shows the Tauc plots of both series of pm-Si Ge :H films. We can determine from the Tauc plot, where is extracted by the extrapolation of the linear part of the plot towards the energy axis, and the interception indicates of the film. In the films of Series #1, the values are in the range 1.2 eV-1.28 eV, while, in the films of Series #2, the values are in the range 1.37 eV-1.66 eV. The above is related to the Si and Ge content in the films; for Series #1, the Ge content is larger than in Series #2 (due to a larger GeH 4 flow rate used for deposition). In this aspect, it has been reported for amorphous silicon-germanium films (a-SiGe:H) that a flow rate ratio of SiH 4 /GeH 4 = 1 results in films with solid Ge content of about 85%, while a flow rate ratio of SiH 4 /GeH 4 = 9 results in films with solid Ge content of about 45%; that analysis was performed using Secondary Ion Mass Spectroscopy (SIMS) [20] .
The films were also analyzed with a FTIR spectrophotometer, which provides a spectrum of absorbance (or transmittance) in arbitrary units. In Figure 7 , we observe the absorption spectra of both series of pm-Si Ge :H films in the range from 400 cm −1 to 2200 cm −1 . It is observed that both FTIR spectra are very similar; the most relevant peaks of both spectra are described below.
In the region between 500 cm −1 and 700 cm −1 there are two peaks centered at 560 cm −1 and at 640 cm −1 , which are related to the Ge-H and Si-H bending vibration modes, respectively [21] . The peak near to 735 cm −1 is related to Ge-O bonds, while the peak near to 885 cm −1 is related to Si-H bonds. Near to 960 cm −1 there is a peak related to Ge-O bonds and at 1100 cm −1 there is a peak related to Si-O bonds. Finally near to 2000 cm −1 there is a peak attributed to a Si-H stretching mode. All these peaks are present in both spectra.
The absorption peak near 1880 cm −1 is attributed to the stretching vibration of Ge-H [20] ; this peak is only present in the spectra of the films of Series #1, indicating a higher Ge content (than in the films of Series #2). The above is in agreement with the band gap analysis (Tauc plot) and the larger GeH 4 flow rate used for the deposition of Series #1.
In Figure 8 , the dependence of RT as a function of the deposition pressure in both series of pm-Si Ge :H films is shown, and it is observed that RT is larger in the films deposited at pressure in the range of 1000 mTorr-1200 mTorr. The above result is very interesting, since it indicates that deposition pressures, in that range, promote films with better structural order, due to the presence of nanocrystals, and those nanocrystals improve the electron mobility in the films ( ) and consequently RT .
In Figure 8 , it is also observed that the films of Series #1 (SiH 4 /GeH 4 = 1) have larger RT of nearly two orders of magnitude with respect to the films of Series #2 (SiH 4 /GeH 4 = 9), which is related to the GeH 4 flow rate used for deposition (and higher Ge content).
We measured the temperature dependence of conductivity, ( ), in both series of pm-Si Ge :H films, as is shown in Figure 9 . We determined from the Arrhenius curve ln(conductivity) versus 1/ 2 . is related to the conductivity by (3), rewritten in (4), which express a line of the form = + . Then, is obtained by fitting a straight line in the curve and calculating its slope as follows: in the range of 4.3% K −1 -7.9% K −1 , with moderated RT . The above characteristics are better than those of a-Si:H,B films used in commercial IRFPAs.
Conclusion
In this work, we have studied the deposition and characterization of amorphous silicon-germanium films with embedded nanocrystals (pm-Si Ge :H). We have studied the films characteristics under the influence of the deposition parameters as the chamber pressure and the precursor gases flow rate ratios (SiH 4 /GeH 4 ). We have concluded that there is an optimum deposition pressure that promotes the formation of nanocrystals in the amorphous films (1000 mTorr-1200 mTorr) and impacts on the electrical characteristics and stability of the films. On the other hand, by varying the SiH 4 /GeH 4 flow rate ratio, it is possible to vary RT of the films (in about two orders of magnitude), as well the TCR in the range of 4.3% K −1 -7.9% K −1 . Finally, we conclude that pm-Si Ge :H films have advantages over amorphous thin films based on boron doped aSi:H, due to their very large values of TCR with moderated values of RT and, moreover, due to the possibility of tailoring those characteristics for specific requirements.
